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Abstract 

FPC (fibrocystin or polyductin) is a single transmembrane receptor-lil<e protein, responsible for the human autosomal 
recessive polycystic kidney disease (ARPKD). It was recently proposed that FPC undergoes a Notch-like cleavage and 
subsequently the cleaved carboxy{C)-terminal fragment translocates to the nucleus. To study the functions of the isolated C- 
tail, we expressed the intracellular domain of human FPC (hICD) in renal epithelial cells. By 3-dimensional {3D) tubulogenesis 
assay, we found that in contrast to tubule-like structures formed from control cells, hICD-expressing cells exclusively formed 
cyst-like structures. By western blotting, we showed that the Akt/mTOR pathway, indicated by increased phosphorylation of 
Akt at serine 473 and S6 kinase 1 at threonine 389, was constitutively activated in hICD-expressing cells, similar to that in 
FPC knockdown cells and ARPKD kidneys. IVloreover, application of mTOR inhibitor rapamycin reduced the size of the cyst- 
like structures formed by hICD-expressing cells. Application of either LY294002 or wortmannin inhibited the activation of 
both S6K1 and Akt. Expression of full-length FPC inhibited the activation of S6 and S6 kinase whereas co-expression of hICD 
with full-length FPC antagonized the inhibitory effect of full-length FPC on mTOR. Taken together, we propose that FPC 
modulates the PI3K/Akt/mT0R pathway and the cleaved C-tail regulates the function of the full-length protein. 
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Introduction 

The most common forms of polycystic kidney disease (PKD) in 
humans are autosomal dominant and recessive PKD (ADPKD 
and ARPKD). ADPKD is the adult form of the disease, caused by 
mutations in either PKDl or PKD2, the genes respectively 
encoding polycystin-1 and polycystin-2 which form a receptor- 
channel complex [1,2]. ARPKD is the pediatric form resulting 
from mutations in PKHDl, the gene encoding fibrocystin/ 
polyductin (FPC) [3-5]. FPC is a single transmembrane protein 
(4,074 amino acids, aa) with a large extracellular domain (3,859 
aa), a single transmembrane segment (23 aa), and a small 
intracellular C-tail (hICD, 192 aa). Abnormalities in cell prolifer- 
ation, apoptosis, and extracellular matrix (ECM) are among the 
features of PKD [1,2]. FPC interacts with polycystin-2, both of 
which are localized to the primary cilia of kidney epithelial cells 
[6-12] where they participate cellular mechanosensation [11,13]. 

The C-terminus of FPC has been suggested to harbor an 
atypical 25-residue nuclear localization signal sequence and the 
cleaved fragment translocates into the nuclei in mIMCD-3 and 
MDCK cells [14,15]. An 18-residue sequence at the C-terminus of 
FPC was recently identified to be responsible for its ciliary 
targeting by transient expression of a series of deletion constructs 
in mIMCD-3 cells [16]. However, the fvmctions of the fuU-length 
FPC and its cleaved C-tail remain unknown. In this study, we 



report that hICD expression leads to activation of the phospho- 
inositide 3-kinase (PI3K)-Akt-mammalian target of rapamycin 
(mTOR) pathway and formation of cyst-like structures in 3D 
collagen cultures. Furthermore, we show that mTOR inhibitor 
rapamycin reduces the sizes of the cyst-like structures formed by 
hICD-expressing cells. Our data suggest that FPC modulates the 
activities of the PI3K/ Akt/mTOR pathway and that the 
expression of FPC C-taH may antagonize the function of the 
full-length protein and promote cyst formation. 

Results 

Expression of hICD 

We transiently expressed either hICD alone or the intracellular 
domain with its preceding transmembrane segment (hTMC) in 
HEK293 cells (Figure 1, Figure SI). Two close bands at ~30 kDa 
were detected in hTMC-transfected cells. In addition to the 
expected upper higher molecular weight one, the lower molecular 
weight band had an identical migration pattern to that in hlCD- 
transfected cells (Figure lA). This result is consistent with the 
finding that hICD can be cleaved from fuU-length FPC [14,15] 
and the size of the cleaved C-taH is similar to that of hICD. In 
order to study the function of the cleaved fragment, we established 
four mIMCD-3 cell lines stably expressing hICD (Figure IB, C). In 
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Figure 1. Establishment of KilCD-expressing stable cells. (A) 

Transient expression of hTMC construct in HEK293 cells produced, in 
addition to the expected TMC fragment, a band similar in size to the 
intracellular domain of FPC. * Ig heavy and light chains. (B) Western 
blotting showing the levels of hICD in four mllVICD-3 cell lines stably 
expressing hICD (hlCD3, 5, 6, 13), along with four empty vector control 
cell lines (CTL1, 2, 3, 4). IB, immunoblotting. (C) FPC C-tail was mainly 
localized in the nuclei of mllVICD-3 cells (hlCD3) compared to the 
control cell line (CTL3). IF, immunofluorescence. Scale bar, 5 \im. 
doi:10.1371/journal.pone.0095630.g001 




Figure 2. FPC C-tail expression caused cystogenesis in 3D 
culture. hlCD cells from all four cell lines (3, 5, 6, 13), in parallel with 
cells from four control lines, were cultured in collagen I gels. All hlCD- 
expressing lines (3, 6, 13, 100%; 5, <100%) formed cyst-like structures in 
contrast to tubule-like structures formed by control cells. The 
representative pictures were presented (A, B). (A) Tubulogenesis of 
both control (CTL1, CTL2) and hICD (hlCD3, hlCD6) cells at 1, 3 and 7 
days after seeding in collagen I gels. At day 3 and 7, in contrast to 
control cells, which developed tubule-like structures (100%), hlCD- 
expressing cells formed cyst-like structures (100%). (B) Confocal 
microscopy reveals the presence of a lumen in the tubule-like structure 
developed from control cells (CTL1, 2) and a central cavity in cyst-like 
structures in hICD-expressing cells (CTL3, 6) after 8-day culture. A 
segment of a tubule was shown with a higher magnification. HGF was 
not used in this experiment. Red, rhodamine phalloidin; green, 
acetylated a-tubulin; blue, DAPI. 
doi:10.1371/journal.pone.0095630.g002 



line with the previous reports [14,15], hICD was mainly localized 
in the nuclei of mIMCD-3 cells with some signals in the cytoplasm. 

Expression of hICD leads to cystogenesis 

Tubulogenesis assay in collagen I gel or Matrigel is commonly 
used to mimic the in vivo morphogenesis of kidney tubules. To 
explore the role of hICD in tubulogenesis, we cultured hlCD- 
expressing cells in 3D collagen gels for up to 8 days. Remarkably, 
all four mIMCD-3 cell lines stably expressing hICD formed cyst- 
like structures (hICD3, 6, 13, 100%; hICD5, <100%), in striking 
contrast to all four empty vector-transfected control cell hues 
(CTLl, 2, 3, 4, 100%) which formed tubule-like structures 
irrespective of the absence or presence of hepatic growth factor 
(HGF) (Figure 2A). To further analyze the cyst-like structures 
formed by hICD-expressing cells, we performed in-gel staining of 
these structures with antibodies to acetylated a-tubulin and 
phalloidin. Confocal microscopy revealed that all cyst-like 



structures possessed a central cavity (Figure 2B). AU control cells 
developed tubule-like structures with primary cilia protruding 
towards the lumen (Figure 2B). 

Constitutive mTOR activation in hICD-expressing cells 

In order to study the mechanism of cystogenesis, we examined 
mTOR signaling pathway in hICD-expressing cells. Aberrant 
activation of S6 kinase 1 (S6K1), as indicated by phosphorylation 
at threonine 389 (SGKl^'^'*^), was observed in hICD-expressing 
cells, compared to that in control cells under serum starvation 
conditions (Figure 3A). Consistently, S6, the substrate of 
S6K1, was phosphorylated at serines 235/236 and 240/244 
^ggS23,-i/236, S240/244J Q^^^^^^^ jj^jj^ growth factors and amino acids 

independendy regulate niTOR in a distinct manner and amino 
acids regulate mTOR probably through the cytoplasmic Rag 
GTPase [17,18], we went on to test the effects of amino acids on 
mTOR signal cascade. Compared to that in control cells, amino 
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Figure 3. mTOR activation in hICD-expressing ceils and ARPKD kidneys. (A) In contrast to that in control cells, pS6K1 , pS6^^^^ , 
p5gS240/2« gi^j pAkt^"" were activated and p4E-BPl"^^^''*'' was suppressed in serum-starved hICD-expressing cells (DMEM/F1 2/0.5% serum for 16 h). 
(B) In amino acid-starved hICD-expressing cells, Akt^**" and S6K1™^ were hyperphosphorylated compared to those in controls, whereas 4E-BP1^"'"'^ 
was de-phosphorylated. The bar graphs represented the activation of specified proteins expressed as a ratio of the phosphorylation form/total 
protein (N = 3). (C) In two pairs of FPC knockdown cells (2850S1 and 2141S26), was hyperphosphorylated under serum-starved conditions. 

The numbers on the Y-axis were arbitrary units of the bands intensity ratio. (D) was highly phosphorylated while phosphorylation of 4E- 

gp.|T37/46 reduced in ARPKD kidneys (AR-1, 2, 3), compared to normal controls (CTL-1, -2, -3). Open bars, control cells; filled bars, hICD-expressing 
cells. Values were expressed as mean ± SD. * p<0.05, ** p<0.01, *** p<0.001. 
doi:1 0.1 371/journal.pone.0095630.g003 



acids removal failed to down-regulate mTOR activation in hlCD- 
expressing cells (Figure 3B). 

Activation of mTOR signaling in FPC knockdown cells 
and ARPKD kidneys 

Constitutive S6K1^'"'^ activation was also found in FPC 
knockdown mIMCD-3 cells [13] (Figure 3C) and in kidney tissues 
from 3 ARPKD patients (Figure 3D). Because Akt is a key 
regulator of mTOR activity, we studied phosphorylation of 
Akt^*'^ and found that it was constitutively hyperphosphorylated 
in hICD-expressing cells (Figure 3A, B). Interestingly we observed 
a decrease in 4E-BP1 ^ phosphorylation in hICD-expressing 
cells compared to control cells (Figure 3A, B). This decrease was 
also detected in FPC knockdown cells and in kidney tissues from 
patients with ARPKD (Figure 3C, D). 

PI3K is responsible for Akt/mTOR activation 

To investigate the mechanisms leading to the activation of 
mTOR and Akt in hICD-expressing ceUs, we examined the 
activity of PI3K, the major upstream regulator of Akt, using 
inhibitors of PI3K (wortmannin and LY294002). As reported [19], 
rapamycin completely inhibited S6K1 activity but not Akt 
phosphorylation (Figure 4A). Application of either LY294002 or 
wortmannin inhibited the activation of both S6K1 and Akt 
(Figure 4B, C). Because there was little information on the dosage 
of these inhibitors in mIMCD-3 cells, we examined the effects of 



different doses of PI3K inhibitors. We found that S6K1 activity in 
hICD-expressing cells was highly sensitive to these inhibitors and 
the inhibition of pAkt**''^ was correlated with the decrement of 
pggj^T389 ^Qj^ r^^^ inhibitory effects of LY294002 on 

S6K1 in hICD-expressing cells remained in the absence of serum 
(Figure 4E). 

Treatment of mTOR inhibitor rapamycin inhibits cyst 
growth 

In order to determine whether sustained activation of mTOR 
signaling was responsible for abnormal branching morphogenesis 
leading to cystogenesis, we applied the mTOR inhibitor rapamy- 
cin to hICD-expressing cells cultured in 3D collagen gels. We 
found that cyst-like structures became strikingly smaller in treated 
hICD-expressing cells than those in non-treated or DMSO-treated 
controls (Figure 4F). 

Cell proliferation, cell cycle progression, and apoptosis in 
hICD-expressing cells 

Increased cell proliferation and apoptosis have been regarded as 
the pivotal mechanisms of PKD. We therefore examined cell 
growth and apoptosis in hICD-expressing cells. The doubling time 
of hICD-expressing cells was a little longer than that of controls, 
especially when cultured in 1% serum-containing medium 
(Figure 5A). We further analyzed the cell cycle profile of these 
cells by flow cytometry. After serum withdrawal for 2 days, a large 
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Figure 4. mTOR activation in hICD-expressing cells can be blocked by PI3K inhibitors and rapamycin. (A) Application of rapamycin 
completely blocked S6K1™^ phosphorylation in both hICD-expressing and control cells, while the phosphorylation of Akt^'*''^ was not affected as 
expected. (B, C) PI3K inhibitors LY294002 and Wortmannin displayed inhibitory effects on both pAkt^" and pS6K1™'. (D) The activation of both 
pAkt^'"^ and pS6K1™^ were sensitive to a variety of concentrations of wortmannin and LY294002. Short- and long-time exposure of western blotting 
was displayed. (E) In the absence of serum, pS6K1^^^' was de-phosphorylated with LY294002 treatment in both control and hICD-expressing cells. (F) 
Effects of mTOR inhibitor rapamycin treatment in 3D collagen gels. Cysts were smaller after 1 1-day treatment of rapamycin (10 nM), in contrast to 
vehicle (DlVlSO)-treated or non-treated ones. Scale bar, 50 |j.m. Values were expressed as mean ± SE. *** p<0.001. 
doi:1 0.1 371 /journal.pone.0095630.g004 



proportion of hlCD-expressing cells failed to exit the cell cycle and 
remained in the S-phase, in contrast to the control cells. After 
replenishment of 10% serum, the diflference between hlCD- 
expressing and control cells became negligible (Figure 5B). In the 
absence of serum, there was an increase of apoptosis in hlCD- 
expressing cells by flow cytometry (Figure 5C). To confirm these 
data, we performed TUNEL assay in the presence and absence of 
10% serum. Compared to control cells, there was a significant 
increase in apoptosis in hICD-expressing cells especially in serum- 
free conditions (Figure 5D). 

The cytoplasmic C-tail of FPC antagonizes the inhibitory 
effect of full-length FPC on mTOR 

To understand the mechanistic action of hICD, we transiently 
expressed hICD in a kidney proximal tubule cell Hne (LLC-PKl) 
stably expressing full-length FPC (hFPCL) [12]. We found that 
expression of full-length FPC inhibited mTOR signaling exemplified 
by reduced activation of S6K1^'^''^ (Figure 6A, B). A stronger 
inhibitory effect of full-length FPC on mTOR was seen on 86'''^*"''^** 
activation (Figure 6A, C). Coexpression of hICD witii hill-length 
FPC, however, relieved the inhibitory effects of fiiU-length FPC on 
mTOR activation, or even promoted mTOR activation (at 3 [ig) 
(Figure 6). 



Discussion 

In this study, we report for the first time that FPC is capable of 
modulating the PI3K/Akt/mTOR pathway. Expression of full- 
length FPC inhibited the activation of mTOR. Yet overexpression 
of FPC C-tail antagonized the function of full-length protein, 
leading to the activation of PI3K, Akt and mTOR pathways, 
defects in cell cycle progression and cell survival, and cystogenesis. 
Activation of the mTOR pathway was confirmed in FPC 
knockdown cells and kidneys from human ARPKD patients. 
Pharmacological inhibition of PI3K and mTOR partially inhib- 
ited cystogenesis, confirming the contribution of PI3K/Akt/ 
mTOR activation to cystogenesis of hICD-expressiiig cells. 

The cleavage of FPC C-tail has been observed when full-length 
FPC is overexpressed [14,15]. We found here that hTMC, the last 
225-residue of human FPC which contains 33 amino acids of the 
transmembrane domain and 192 residues of the cytoplasmic tail, 
was further cleaved and produced a fragment that was similar in 
size to the intracellular tail cleaved from the fuU-length FPC 
[14,15]. These data suggest that the large extracellular portion of 
FPC is not required for cleavage to occur. Because both the fuU- 
length FPC and the hTMC constructs were expressed in non- 
nuclear compartments of the cell, the cleavage of the FPC C-taU 
likely occurred in the cytoplasm or on the cell membrane by an 
unidentified eiizyme(s). FPC is detected on the primary cilia with 
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Figure 5. Decreased cell proliferation rate and increased apoptosis in hICD-expressing cells. (A) The number of hICD-expressing cells was 
significantly lower than that of control cells when cultured in 1% but not in 10% serum-containing medium (N = 3 hlCD3, 6, 13). One representative of 
three experiments was presented. (B) With flow cytometry analysis, more hICD-expressing cells passed the restriction point in G1/0-phase but were 
arrested in S-phase after serum removal for 48 h. Addition of 10% serum for 24 h completely compromised the effect of hICD expression on the cell 
cycle profile (N = 3 hlCD3, 6, 1 3). One representative of three experiments was presented. (C) More apoptotic hICD-expressing cells were found in the 
absence of serum by flow cytometry analysis (N = 3 hlCD3, 6, 1 3). One representative of at least three experiments was presented. (D) Three control 
and three hICD cell lines were used for this experiment. Pictures from two control and hICD cell lines were presented. TUNEL staining assay confirmed 
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Open bars, control cells; filled bars, hICD-expressing cells. Values were expressed as mean ± SD. * p<0.05, ** p<0.01, *** p<0.001. Scale bar, 10 |im. 
doi:1 0.1 371 /journal.pone.0095630.g005 



antibodies to both N- and C-termini of FPC [9,12], we thus 
believe that FPC undergoes a C-taU cleavage under defined 
conditions and some of the cleaved fragments translocate into the 
nucleus [14,15]. Notably, our human free FPC C-tail was not 
found on the primary cHia, in contrast to the mouse FPC C-taU 
constructs used for the study of ciliary targeting sequence 
which contains additional nine residues (LSCLVCCWF) in the 



transmembrane segment of FPC [16], although nuclear FPC C- 
tail signals were also observed in that study [16]. 

Sustained phosphorylation of S6K1 and S6 in hICD-expressing 
cells implied the activation of mTOR signaling pathway. The 
mTOR signaling pathway has, in the past several years, gained 
much attention in the PKD research field. It was reported that 
mTOR is activated in cyst-lining cells in human ADPKD kidneys 
and inhibition of mTOR pathway reverses renal cystogenesis in 
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Figure 6. Opposite roles of full-length FPC and C-tail on mTOR. (A) Human full-length FPC- (hFPCL)- and control empty vector (P4L)- 
expressing LLC-PK1 cells were transfected with various amounts of hICD plasmid DNA (0, 1, 3 jig). Twenty-four hours after transfection, cells were 
serum starved for 24 h before protein extraction. Expression of full-length FPC inhibited the phosphorylation of p70S6K^^^' and pS6^'^^°'^'" in 
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animal models [20], although clinical trial.s with rapamycin in 
human ADPKD patients were disappointing [21]. The mTOR 
protein binds to other proteins to form a rapamycin-sensitive 
complex (mTORCl) or a rapamycin-insensitive complex 
(mTORC2) [19,22]. The mTORCl is regulated by upstream 
factors such as nutrients, growth factors, and energy metabolism, 
and can phosphorylate a series of downstream substrates. 
Upstream regulators of mTOR include Akt (PKB), PI3K/PTEN, 
TSCl/2, AMPK, and Rheb [23,24]. The mTORC2 has been 
suggested to mainly regulate the actin cytoskeleton through Rho 
family of small GTPases and protein kinase C [25]. In our 
experiments, we found that mTOR activation was associated with 
constitutive phosphorylation of Akt^''^''^. As Akt^*''^ is phosphor- 
ylated by mTORC2 [26-28], we assumed that Akt^*'^ phosphor- 
ylated by mTORC2 further activated mTORCl. Together with 
the data from the application of PI3K inhibitors, these data 
suggest that hICD may activate mTORC 1 through PI3K-Akt or 
mTORC2-Akt pathways. 

We found that the full-length FPC inhibited mTOR activity, 
which was consistent with our finding on the aberrant mTOR 
activation in FPC knockdown cells and kidney samples from 
ARPKD patients. Overexpression of free FPC C-tail antagonized 
the full-length protein function and led to mTOR activation. The 
mechanisms by which fuU-length FPC and free C-taU regulated 
mTOR activity may be different, as the C-taU was largely located 
in the nucleus while the fuU-length was mostly membrane- 
associated. Overexpression of FPC C-taH may disrupt the full- 
length FPC mediated signaling pathways by competitively 
occupying the binding sites of its interacting proteins, or 
sequestering respective proteins into the nucleus and consequently 
affecting the physiological function of fuU-length FPC. When 
expressed at a high level, FPC-C-taU overexpression may activate 
mTOR through an additional mechanism(s). We cannot exclude 
the possibility that hICD activated the mTOR signaling pathway 
through a gain-of-function mechanism in the cell nucleus. Because 
the level of endogenously cleaved FPC C-taU is, like that of Notch, 
too low to be detectible [14], we propose that under normal 
physiologically conditions, full-length FPC inhibits mTOR signal- 
ing, whereas C-tail cleavage is facilitated under specific conditions. 

FPC C-taH-expressing cells exclusively formed cyst-like struc- 
tures, suggesting that the consequence of hICD expression is 



similar to that of FPC knockdown [29] . Application of mTOR 
inhibitor rapamycin reduced the size of cyst-like structures formed 
by hICD expressing cells, which indicates that the mTOR 
signaling pathway is a potential therapeutic target for ARPKD. 

It is generally believed that cyst-lining cells are more prolifer- 
ative based on markers such as proliferative cell nuclear antigen. 
Indeed, under low serum conditions, we found that, compared to 
control cells, there were more C-taU-expressing cells situated in the 
S phase of the cell cycle, and fewer cells in the GO/Gl phase, 
indicating that FPC regulates Gl-S progression. We have 
previously shown that FPC regulates centrosome duplication and 
mitotic spindle assembly during cell division [12]. Here we found 
that the expression of hICD was associated with an increase in 
apoptosis, a feature of ARPKD [30] and FPC knockdown cells 
[29]. Taken together, the increased apoptosis may be a 
consequence of defects in the cell cycle and constitutive activation 
of mTOR, as mTOR pathway can either inhibit or promote 
apoptosis depending on the cell context [31]. 

In summary, we show here that ARPKD protein FPC regulated 
PI3K/Akt/mTOR signaling pathway. Further research is needed 
to understand how FPC and other PKD proteins regulate this 
signaling pathway in a coordinated manner. 

Materials and Methods 

Antibodies 

Antibodies to a number of proteins in the mTOR pathway 
(pS6Kl™'', S6K1, pS6-^2,H5/236^ pS6^24o/244^ gg^ p4E-BPlT^'^*«, 

4E-BP1, pAkt**'^ Akt) were obtained from Cell Signaling 
Technologies (Cambridge, MA, USA). (3-actin and acetylated 0(- 
tubuhn antibodies were bought from Sigma (St. Louis, MO, USA). 
Antibodies to c-myc (9E10) were purchased from the BWH-BRI 
Core Facility. Rhodamine phaUoicUn was from Invitrogen 
(Carlsbad, CA, USA). 

DNA constructs, stable cell lines and cell culture 

The hICD construct containing the intracellular domain of 
human FPC (192 aa) was described previously [9]. The hTMC 
construct containing the human FPC C-terminal 225 aa was made 
by RT-PCR and cloned into pcDNA4 at Hind Ill/Xha I sites 
(Figure SI). For the establishment of stable cell lines, hICD 
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construct or empty vector was transfected with FuGENEG (Roche, 
Madison, WI, USA) into mIMCD-3 cells (ATCC, Bethesda, MD, 
USA) cultured in DMEM/F12 media (Cellgro, Manassas, VA, 
USA), supplemented with 10% FBS (Invitrogen), and screened for 
cells resistant to Zeocin (Invitrogen, 750 |tg/ml). For amino acid 
deprivation condition, cells were serum-starved for 16 h and then 
cultured in DMEM/F12 media without amino acids for 30 min. 
For drug treatments, stable cells were incubated with culture 
media containing appropriate chemical reagents for a period of 
time as specified in the Results. FPC knockdown cells were 
described previously [1 3] . Different amounts of hICD expression 
construct DNA were transiendy transfected into LLC-PKl cells 
stably expressing full-length FPC or empty vector control cells P4L 
[12]. Two days after transfection, cells were harvested for western 
blotting analyses. 

Immunostaining 

The method for immunostaning was described in detail 
previously [13]. In brief, cultured cells were fixed with 3% 
paraformaldehyde (Sigma)/2% sucrose (Sigma) and permeabUized 
with 0.1% Triton X-100 (Sigma). After incubation with primary 
antibodies for 1 h, cells were incubated with secondary antibodies 
Alexa Fluor 488 and/or 594 (Invitrogen) for another hour. Nuclei 
were stained with DAPI (4'-6-diamidino-2-phenylindole) (Sigma). 
A Zeiss Axioskop2 Plus fluorescence microscope (Carl Zeiss Inc., 
Thornwood, NJ, USA) and the Spot camera system (Diagnostic 
Instruments, Sterling Heights, MI, USA) were used for epifluor- 
escence analysis. 

Protein extraction, co-immunoprecipitation, and 
immunoblotting 

Proteins were extracted with M-PER MammaUan Extraction 
Reagent (Pierce, Rockford, IL, USA) or RIPA lysis buffer 
(Upstate, Waltham, MA, USA) according to the protocol provided 
by the company. For immunoprecipitation, the supernatants were 
precleared with protein A/ G agarose beads (Pierce; Invitrogen) for 
1 h at +4°C before addition of the primary antibody. Subsequent- 
ly, agarose beads and the antibody were added and incubated at 
-l-4°C for 4—24 h, followed by centrifugation at 10,000 g for 1 min 
at +4°C. The beads were washed twice with the lysis buffer. 
Finally, 50 (tl of Laemmli's SDS-Sample buffer (Boston BioProd- 
ucts, Ashland, MA, USA) was added. The protein samples were 
electrophoresed in a 5%-12% acrylamide Laemmh resolving gel 
and transferred to Hybond ECL nitrocellulose membranes (GE 
Healthcare, Boston, MA, USA). After bloi:king with 5% non-fat 
dry milk (Bio-Rad, Hercules, CA, USA) in PBS, the filter was 
incubated with the primary antibody and washed with PBS/0.1% 
Tween 20 (Bio-Rad). The filters were finally incubated with 
secondary immunoglobulins conjugated with HRP (GE Health- 
care). The bound antibodies were detected with the Detection 
Reagent (Pierce). Restore Western Blot Stripping Buffer (Pierce) 
was used according to the protocol provided by Pierce to strip the 
membrane, prior to reblotting with another antibody. Quantifi- 
cation of the band intensity was accomplished with NIH Image J 
software. Human kidney samples were gifts from Dr. P. Wilson. 
The ages of three ARPKD patients were 2 years, 1 month and 9 
days, and three normal controls were 2 years, 15 months and 2 
months, respectively. These samples had been published previ- 
ously [32]. 

Cell growth curve and flow cytometry 

Cells were trypsinized, pelleted, and resuspended in 5 ml of 
culture medium, followed by seeding in 10 cm dishes with a 



density of ~ 50,000 cells per dish. Cells were stained with 
tryptophan blue (Invitrogen) and counted with a hemocytometer 
daily for a total of 9 days. Cells in the culture media were also 
counted and included. Cell cycle analysis was performed with flow 
cytometry (BD FACSCanto^'^ benchtop flow cytometer. Franklin 
Lakes, NJ, USA). For cell synchronization, cells were cultured in 
medium without FBS for 48 h, followed by addition of 10% FBS 
for 24 h. Before flow cytometry, ceUs were stained with propidium 
iodide (Invitrogen) /Triton X-100 staining solution with RNase A 
(Invitrogen) for 30 min at room temperature. 

Apoptosis assay 

Apoptosis was evaluated with flow cytometry and TUNEL 
staining. TUNEL staining was done according to the protocol 
provided by Roche (In Situ Cell Death Detection Kit). Briefly, cells 
cultured on the plates were frxed with 3% paraformaldehyde with 
2% sucrose for 10 min, foUowed by complete washing. Before 
TUNEL reaction mixture was added, cells were permeabflized 
with Triton X-100. Samples were analyzed by fluorescence 
microscopy as described above. 

Tubulogenesis assay in 3D collagen gels and confocal 
microscopy [33,34] 

Tubulogenesis was performed in PureCol gels (Sigma). Cells 
were trypsinized and resuspended in 1 ml of DMEM/F12 
medium. Five to ten microliter of single suspension (~4xl0* 
ceUs) was weU mixed with 850 pi of coUagen solution (coUagen 
type I, 10 X DMEM (Sigma), HEPES (Sigma) at 8:1:1 ratio). 
Hepatocyte growth factor (Sigma) was added into the solution 
before seeding (0.5 |tg/ml) or into the culture medium in some 
experiments. Collagen solution was poured into a 6-weU plate for 
1-2 h for solidification foUowed by addition of DMEM/F12/10% 
FBS medium. Cells were aUowed to grow in a coUagen gel for up 
to 8 days before staining. For confocal microscopy analysis, the gel 
was first incubated with 1 x coUagenase (Sigma) for 10 min at 
37°C before fixation with 3% PFA for 30 min, followed by 
addition of the quench solution (0.7 M NH4CI and glycine in PBS) 
for 10 min. After washing, acetylated a-tubulin antibody 
(1:10,000) in PFS (14% fish skin gelatin and 0.2% saponin in 
PBS) was incubated with the gel overnight at +4°C. FITC-labeled 
secondary antibody and rhodamine phalloidin (1:250) (Invitrogen) 
were incubated with the gel for 1 h at room temperature. Before 
mounting, the gel was incubated again with 3% PFA for 15- 
20 min, followed by washing and DAPI staining procedures. 
Confocal images were captured with Nikon microscopy (eclipse 
80i) and analyzed with software EZ-Cl (3.91). 

Statistics 

Values were expressed as mean ± standard deviation (SD) or 
standard error (SE). Student's T-Test and Chi-Square Test were 
used. Spearman correlation was used to calculate the correlation 
coefficient of time and hICD expression level. p<0.05 was 
considered statistically significant. 

Supporting Information 

Figure SI Schematic structure of the human FPC G-tail 
construct used in this study. Top, scheme of human full- 
length FPC which encodes a 4,074-aa protein with a large 
extraceUular domain, a single transmembrane domain (red box), 
and a 192-aa intracellular fragment; Middle, human FPC C-taU 
hICD construct which contains the entire 192-aa intracellular 
domain and a 9-aa myc-tag (red oval). Bottom, mouse C-tail [Ref 
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1 6] is shown for comparison. Green letters, partial or entire ciliary 

localization signal; Blue box, nuclear localization signal. 

(TIF) 

Acknowledgments 

The authors would like to thank members of the Zhou Lab and of the 
Harvard Center for Polycystic Kidney Disease Research, as well as Dr. T 

References 

1 . Zhou J (2009) Polycystins and primary cilia: primers for cell cycle progression. 
Annu Rev Physiol 71: 83-113. 

2. Zhou J, Pei Y (2008) Autosomal dominant polycystic kidney disease; Mount D, 
PoUak MR, editors. 33 p. 

3. Onuchic LF, Furu L, Nagasawa Y, Hou X, Eggcrmann T, et al. (2002) PKHD 1 , 
the polycystic kidney and hepatic disease 1 gene, encodes a novel large protein 
containing multiple immunoglobulin-like plexin-transcription-factor domains 
and parallel beta-helix 1 repeats. Am J Hum Genet 70: 1305-1317. 

4. Ward CJ, Hogan MC, Rossctd S, Walker D, Sneddon T, et al. (2002) The gene 
mutated in autosomal recessive polycystic kidney disease encodes a large, 
receptor-like protein. Nat Genet 30: 2,59-269. 

5. Xiong H, Ghen Y, Yi Y, I'surhiya K, Moeckcl G, et al. (2002) A novel gene 
encoding a TIG multiple domain protein is a positional candidate for autosomal 
recessive polycystic kidney disease. Genomics 80: 96-104. 

6. Yoder BK, Hou X, Guay-Woodford LM (2002) The polycystic kidney disease 
proteins, polycystin- 1 , polycvstin-2, polaris, and cystin, are co-localized in renal 
cilia. J Am Soc Nephrol 13:' 2508-2516. 

7. Ward GJ, Yuan D, Masyuk TV, Wang X, Punyashdhti R, et al. (2003) Cellular 
and subcellular localization of the ARPKD protein; librocystin is expressed on 
primary cilia. Hum Mol Genet 12: 2703-2710. 

8. .\lenezes LF, Gai Y, Nagasawa Y, Silva AM, Watkins .\1L, et al. (2004) 
Polyductin, the PKHDl gene product, comprises isofbrms expressed in plasma 
membrane, primary cilium, and cytoplasm. Kidney Int 66: 1345—1355. 

9. Wang S, Luo Y, Wilson PD, Witman GB, Zhou J (2004) The autosomal 
recessive polycystic kidney disease protein is locEilized to primary cilia, with 
concentration in the basal body area. J Am Soc Nephrol 15: 592-602. 

10. Zhang MZ, Mai W, Li G, Gho SY, Hao G, et al. (2004) PKHDl protein 
encoded by the gene for autosomal recessive polycystic kidney disease associates 
with basal bodies and primar\' cilia in renal epithelial cells. Proc Natl Acad 
Sci U S A 101: 231 1-2316. 

1 1 . NauU SM, Alenghat FJ, Luo Y, Wilhams E, Vassilev P, et al. (2003) Polycystins 1 
and 2 mediate mechanosensation in the primary cilium of kidney cells. Nat 
Genet 33: 129-137. 

12. ZhangJ, Wu M, Wang S, Shah JV, Wilson PD, et al. (2010) Polycystic kidney 
disease protein librocystin localizes to the mitotic spindle and regulates spindle 
bipolarity. Hum Mol Genet 19: 3306-3319. 

13. Wang S, ZhangJ, NauU SM, Li X, Starremans PG, et al. (2007) Fibrocystin/ 
polyductin, found in the same protein complex with polycystin-2, regulates 
calcium responses in kidney cpithclia. Mol Gell Biol 27: 3241-3252. 

14. Kaimori JY, Nagasawa Y, Menezes LF, Garcia-Gonzalez MA, Deng J, et al. 
(2007) Polyductin undergoes notch-like processing and regulated release from 
primary cilia. Hum Mol Genet 16: 942-956. 

15. Hiesberger T, Gourley E, Erickson A, Koulen P, Ward GJ, et al. (2006) 
Proteolytic cleavage and nuclear translocation of fibrocystin is regulated by 
intracellular Ca2-t- and activation of protein kinase C.J Biol Chem 281: 34357- 
34364. 

16. FoUit JA, Li L, Vucica Y, Pazour GJ (2010) The cytoplasmic tail of fibrocystin 
contains a ciliary targeting sequence. J Cell Biol 188: 21-28. 



Ichimura for scientific discussions and support. ARPKD and normal 
human kidney samples are gifts from Professor P. Wilson. 

Author Contributions 

Conceived and designed the experiments: SW MW JZ. Performed the 
experiments: SW MW GYJJZ. Wrote the paper: SW JZ. 



17. Saneak Y, Peterson TR, Shaul YD, Lindquist RA, Thorcen GG, et al. (2008) 
The Rag GTPases bind raptor and mediate amino acid signaling to mTORCl. 
Science 320: 1496-1501. 

18. Kim E, Goraksha-Hicks P, Li L, Neufeld TP, Guan KL (2008) Regulation of 
TORGl by Rag GTPases in nutrient response. Nat Gell Biol 10: 935-945. 

19. Hara K, Maruki Y, Long X, Yoshino K, Oshiro N, et al. (2002) Raptor, a 
binding partner of target of rapamycin (TOR), mediates TOR action. Gell 1 10: 
177-189. 

20. Shillingford JM, Murcia NS, Larson GH, Low SH, Hedgepeth R, et al. (2006) 
The mTOR pathway is regulated by polycystin- 1, and its inhibition reverses 
renal cystogenesis in polycystic kidney disease. Proc Natl Acad Sci USA 103: 
5466-5471. 

21. Walz G, Budde K, Mannaa M, Numberger J, Wanner G, et al. (2010) 
Everolimus in patients with autosomal dominant polycystic kidney disease. 
N Engl J Med 363: 830-840. 

22. Kim DH, Sarbassov DD, Ali SM, KingJE, Latek RR, et al. (2002) mTOR 
interacts with raptor to form a nutrient-sensitive complex that signals to the cell 
growth machinery. Gell 110: 163—175. 

23. Hay N, Sonenberg N (2004) Upstieam and downstream of mTOR. Genes Dev 
18: 1926-1945. 

24. Inoki K, Ouyang H, Zhu T, Lindvall C, Wang Y, et al. (2006) TSG2 integrates 
Wnt and energy signals via a coordinated phosphorylation by AMPK and GSK3 

to regulate cell growth. Gell 126: 955-968. 

25. Sarbassov DD, Ali SM, Sabatini DM (2005) Growing roles for the mTOR 
pathway. Gurr Opin Cell Biol 17: 596-603. 

26. Sarbassov DD, Guertin DA, Ali SM, Sabatini DM (2005) Phosphorylation and 
regulation of Akt/PKB by the rictor-mTOR complex. Science 307: 1098-1 101. 

27. Jacinto E, Facchinetti V, Liu D, Soto N, Wei S, et al. (2006) SINl/MIPl 
maintains rictor-mTOR complex integrity and regulates Akt phosphorylation 
and substrate specificity. Cell 127: 125-137. 

28. Liu Y, Kach A, Ziegler U, Ong AG, Wallace DP, et al. (2013) The role of 
phospholipase D in modulating the MTOR signaling pathway in polycystic 
kidney disease. PLoS One 8: e73173. 

29. Mai W, Ghen D, Ding T, Kim I, Park S, et al. (2005) Inhibition of Pkhdl 
impairs tubulomorphogenesis of cultured IMCD cells. Mol Biol Gell 16: 4398- 
4409. 

30. Edelstein GL (2005) What is the role of tubular epitbehal cell apoptosis in 
polycystic kidney disease (PKD)? GeU Cycle 4: 1550-1554. 

31. Gastedo M, Ferri KF, Kroemer G (2002) Mammalian target of rapamycin 
(mTOR): pro- and and-apoptotic. Cell Death Differ 9: 99-100. 

32. Goilav B, Satlin LM, Wilson PD (2008) Pathways of apoptosis in human 
autosomal recessive and autosomal dominant polycystic kidney diseases. Pediatr 
Nephrol 23: 1473-1482. 

33. Yao G, Su X, Nguyen V, Roberts K, Li X, et al. (2014) Polycystin-1 regulates 
actin cytoskeleton organization and directional cell migration through a novel 
PGl-Pacsin 2-N-Wasp complex. Hum Mol G«net. 

34. Yao G, Luyten A, Takakura A, Plomann M, Zhou J (2013) The cytoplasmic 
protein Pacsin 2 in kidney development and injury repair. Kidney Int 83: 426- 
437. 



PLOS ONE I www.plosone.org 



8 



May 2014 I Volume 9 | Issue 5 | e95630 



